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DIABETES MELLITUS (DM) IS a disorder of carbohydrate metabolism typically characterized by defective insulin secretion or insulin resistance and subsequent hyperglycemia. In the past few decades, the prevalence of DM has been on the rise (1, 33) , and lower urinary tract symptoms (LUTS) are among the most common complications of diabetes affecting up to 80% of patients (14) . The most common and bothersome LUTS in diabetes is bladder dysfunction, with over 50% of diabetic patients experiencing some form of bladder dysfunction (48) . The primary classic symptom diabetic patients exhibit is increased residual urine volume after voiding (23) . More recent research suggests a combination of both storage and voiding problems (14) . Experimental evidence now suggests a temporal profile of the development of diabetic bladder dysfunction (15) . There is a progression from the compensated state, during which the bladder undergoes hypertrophy and the muscle becomes hypercontractile, to the decompensated state, when the muscle is hypocontractile and there is a decrease in voiding ability. In mouse and rat models of type I diabetes [high-dose streptozotocin (STZ)], the compensated/hypercontractile state was seen in vitro using strips of detrusor smooth muscle from animals 6 -9 wk of age. In similar animals, the decompensated/ hypocontractile state was noted later, between 12 and 20 wk of age (29) . Similarly, cystometric studies demonstrated bladder function increased from 3 to 9 wk in a STZ type I diabetes rat model, and then function declined below controls between 12 and 20 wk (15) . In the present study, we measured voiding behavior, morphometric analysis of the bladder, and contractility at 16 and 27 wk of age in a male rat model of type II diabetes.
Mechanistic studies on alterations in bladder smooth muscle regulation in animal models of type I diabetes are abundant in the literature (13) . This is primarily due to the relative ease of inducing type I diabetes in animal models, typically using either alloxan or high doses of STZ, and the lower costs associated with developing and maintaining animals with type I diabetes. Unfortunately, the literature on the effects of type II diabetes on bladder function is sparse (21) . Studies determining the time course of diabetic bladder dysfunction in type II diabetic animal models are severely lacking along with studies determining whether bladder dysfunction is similar in type I vs. type II diabetic animal models (13) . Alterations in bladder contraction can be due to a variety of reasons. In addition to changes in the nerves innervating the bladder or changes in signaling between the urothelial layer and smooth muscle, there may also be changes within the smooth muscle itself. While many studies initially focused on neuropathic effects on diabetic bladder dysfunction, we are now focusing on changes within the bladder smooth muscle.
There are many animal models of type II diabetes such as the ob/ob mouse, the db/db mouse, the spontaneously diabetic Torii (SDT) rat, the Goto-Kakizaki (GK) rat, and the Zucker diabetic fatty (ZDF) rat (22) . Our studies investigated bladder dysfunction in the male ZDF rat model. In these animals, hyperglycemia is initially observed at ϳ7 wk of age, and almost all male ZDF (fa/fa) rats spontaneously develop diabetes by ϳ8 -12 wk of age on a normal chow diet (10, 19, 46) . Bladder dysfunction has also been investigated in female ZDF rats; they require a high-fat diet to induce diabetes (25) . Our studies focused on changes in the contractility and sensitivity of bladder smooth muscle tissue to exogenous agonists and release of endogenous transmitters.
In this study, we tested the hypothesis that during the compensated state of type II diabetic bladder dysfunction, the bladder wall would show a hypertrophic response, increased voiding behavior, and hypercontractile smooth muscle. This hypothesis was tested by investigating the changes in bladder morphometry, voiding behavior, and contractility in response to the addition of exogenous agonists, membrane depolariza-tion, or to the release of endogenous neurotransmitters using electrical field stimulation. The purinergic response was specifically investigated as previous studies have suggested that nonadrenergic noncholinergic (NANC) mediators of contraction are more prominent in diseased states of the bladder and that ATP is one of the primary NANC mediators (9, 31, 43) .
METHODS

Materials.
All reagents for solutions, unless otherwise specified, were purchased from Fisher Scientific (Pittsburgh, PA) and were of analytic grade or better. Atropine, bethanechol, carbachol, ATP, suramin, pyridoxalphosphate-6-azophenyl-2=,4=-disulphonic acid (PPADS), anti-P2X1 purinergic receptor antibody (P7857), and ␣,␤-methylene ATP were purchased from Sigma-Aldrich (St. Louis, MO).
Animals. Male ZDF rats [ZDF-Lepr fa /Crl, fa/fa (diabetic) and fa/ϩ (control)] were obtained from Charles River at 12 wk of age and then housed on site in AALAC-accredited animal facilities at Drexel University College of Medicine. Rats were fed a normal chow diet throughout the study (Purina Formulab Diet 5008) and provided water ad libitum. Ten control and 10 diabetic rats were euthanized at 16 wk. Twenty-eight control and 18 diabetic rats were euthanized at 27 wk. Animal weights were recorded on a weekly basis, and blood glucose measurements were obtained biweekly using an Accu-Check Advantage blood glucometer (Roche Diagnostics, Indianapolis, IN). Blood was obtained by nicking the tail vein of the rat with a needle. The protocol was approved by the Drexel University College of Medicine's Institutional Animal Care and Use Committee.
Rat bladder strip preparation. Rats were euthanized at 16 or 27 wk of age by CO 2 inhalation followed by bilateral thoracotomy. After removal from the peritoneal cavity, the bladder was placed directly into 4°C physiological salt solution (PSS). PSS contained (in mM) 140 NaCl, 4.7 KCl, 1.2 MgSO 4, 1.6 CaCl2, 1.2 Na2HPO4, 2 MOPS (pH 7.4), 5.5 D-glucose, and 0.02 EDTA. Adipose tissue was dissected away from the exterior of the bladder, and the bladder was opened longitudinally. Wet weight of the bladder was then determined, after draining of urine. The dome of the bladder (portion farthest from the urethra) was removed along with the trigone region (portion of the bladder below the level of the ureters), leaving the middle body of the bladder for experimentation. The urothelial/ mucosal layer was removed, leaving a layer of predominantly bladder smooth muscle. The bladder smooth muscle layer was then cut into three to four longitudinal strips using both ventral and dorsal sides of the bladder body. The strips were stored in 4°C PSS for a maximum of 4 h until used. All strips were used for experimentation the same day the rat was euthanized.
Measurement of isometric contraction. Bladder strips were mounted between a Grass FT.03 force transducer and a stationary clip in water-jacketed muscle organ baths containing PSS at 37°C and aerated with 100% O 2 (MOPS-buffered PSS, pH 7.4 at 37°C in 100% O2). The strips were equilibrated for ϳ 45 min until a stable basal force recording was obtained. A passive force was applied to the mounted tissues by stretching, followed by stress-relaxation until the strips reached the optimal length for active stress development (L o) approximated by 1 g of passive force. Partial length-tension curves were performed to determine that 1-g passive force approximated Lo in bladder strips from both control and diabetic rats. After equilibration and achieving L o, strips were stimulated with 110 mM KCl (equimolar substitution for NaCl) and then relaxed with PSS. This contraction-relaxation cycle was repeated several times until the maximal active force in response to KCl stimulation did not change Ͼ10% between contractions (3-5 contractions on average). Maximal active force was defined as the difference between the maximal force in response to the stimulus and the basal force before the stimulus.
Concentration-response curves to KCl, carbachol, bethanechol, and ATP were performed on bladder strips from both control and diabetic rats. Both noncumulative and cumulative concentration-response curves were generated in response to KCl in PSS containing 4.7, 10, 20, 30, 50, 80, or 110 mM KCl (equimolar substitution for NaCl); carbachol using semi-log increases in concentration from 10 nM to 100 M; bethanechol using semi-log increases in concentration from 100 nM to 3 mM; and ATP using semi-log increases in concentration from 100 nM to 10 mM. Although carbachol and bethanechol are both cholinergic agonists, bethanechol is specific for muscarinic receptors, whereas carbachol affects both muscarinic and nicotinic acetylcholine receptors. We used carbachol, as the majority of studies looking at activation of muscarinic receptors in bladders use carbachol, but we also used bethanechol to confirm that any changes in carbacholmediated contraction were not due to its possible action at nicotinic acetylcholine receptors. All concentration-response curves were performed in the presence of 1 M tetrodotoxin (TTX) to inhibit sodium channel activation and therefore prevent any activation of nerves within the preparation. Forces recorded were therefore only in response to agonist activation of receptors on or membrane depolarization of the smooth muscle cells. Recorded force was either normalized to the maximal force in response to 110 mM KCl or normalized by the tissue dry weight (mg).
Measurement of neurogenic contraction. Neurogenic contractions were measured in bladders from control and diabetic rats by the use of electrical field stimulation (EFS). Bladder strips devoid of urothelium were mounted between a Grass FT.03 force transducer and a stationary glass hook in a water-jacketed muscle organ bath containing PSS at 37°C and aerated with 100% O 2. The tissue on the glass hook was surrounded by 2 zig-zag platinum-wire electrodes ϳ2 mm apart (Radnoti, Monrovia, CA). The platinum wire electrodes were connected to a Grass S88 stimulator through a Grass SIU-10 stimulus isolation unit. Output from the stimulator, stimulus isolation unit, and electrodes were all verified with the use of an oscilloscope to determine that the output settings on the stimulator were the same as the output of the electrodes within the organ bath. Equilibration, determination of Lo, and contraction-relaxation cycles to 110 mM KCl were performed as described above.
EFS experiments followed a modified version of the protocol described by Daneshgari's laboratory (28) . After the multiple KCl contraction-relaxation cycles, frequency-response curves were performed with the following stimulation settings: 120 V, 8-ms pulse width, and a frequency range of 1-32 Hz. Each new stimulus was applied 3 min after the previous stimulation within the frequencyresponse curve to allow for tissue recovery from EFS. Initially, a control frequency-response curve was performed without any compounds present in the organ baths. This was followed by the addition of 1 M atropine to the bathing solution for 30 min to inhibit muscarinic receptors before a second frequency-response curve was performed. Third, 10 M ␣,␤-methylene ATP was added, in the presence of 1 M atropine, at least three times at intervals of 10 min to desensitize purinergic receptors (28) . Desensitization was considered complete when the next application of 10 M ␣,␤-methylene ATP did not produce an increase in force. After a minimum of 30 min from the time of the initial ␣,␤-methylene ATP addition, a third frequency-response curve was performed. At this point, the tissues were washed repeatedly to remove the inhibitors and 1 M TTX was added to inhibit neurogenic contraction. Tissues were incubated in TTX for 30 min before a final frequency-response curve was performed. In separate experiments, the same protocol was followed except that in place of ␣,␤-methylene ATP, 30 M PPADS (51) was added to the bath to inhibit rather than desensitize purinergic receptors. After EFS experiments were completed, the length and dry weight of each tissue strip were recorded to calculate tension development. In select experiments, TTX-resistant contractions were inhibited by the addition of cumulative concentrations of nifedipine, a voltage-dependent calcium channel inhibitor, or removal of extracellular calcium.
Before data analysis, the TTX-resistant component of the contraction was subtracted from all EFS-induced force measurements, allow-ing only the neurogenic responses to be compared between conditions. The cholinergic portion of the contraction was quantified by subtracting the response to EFS after addition of atropine from the response to EFS before addition of atropine. The purinergic portion of the contraction was quantified by subtracting the response to EFS after addition of both atropine and ␣,␤-methylene ATP (or PPADS) from the response to EFS after addition of atropine alone. The residual NANC portion of the contraction was quantified as the contraction remaining after addition of both atropine and ␣,␤-methylene ATP (or PPADS). All of the components of contraction were then normalized to the maximal active force in response to 110 mM KCl, the maximal active force in response to control EFS at 32 Hz, or were converted to tension measurements.
Voiding behavior. Selected rats were used for voiding behavior studies at 16 (8 lean, 8 diabetic) and 27 (10 lean, 10 diabetic) wk of age. Rats were removed from their housing unit and placed in metabolic cages for 6 h between the hours of 10 AM and 4 PM. Rats were provided with water ad libitum while in the metabolic cages. The number of voids and volume per void were measured for each rat during the 6-h study period. The number of voids and voiding volume were monitored by a single investigator with the voiding mass measured immediately at the end of the study period using an analytic balance and converted to volume using an approximate density of 1 g/ml. The same investigator measured both the number of voids and voiding volume, and all measurements were taken at the same time of the day for all animals.
Bladder histology. In select experiments, whole bladders from 27-wk-old rats were equilibrated in 37°C PSS for 15 min after removal. The bladder dome and trigone were dissected away, and the detrusor body was cut open longitudinally. Then, longitudinal ventral strips of whole thickness bladder wall, which includes the urothelial layer, were excised and placed in 10% buffered formalin and shipped to AML Labs (Rosedale, MD) for paraffin embedding, sectioning, and staining. Cross sections of 5-m thickness were taken from the Fig. 1 . Characteristics of male control and diabetic Zucker diabetic fatty (ZDF) rats. A: body weight of control and diabetic rats at 16 and 27 wk of age. Body weights of diabetic rats were significantly increased at both ages. Body weights are means Ϯ SE of 40 animals at 16 wk of age and 28 animals at 27 wk of age. B: body weights of control and diabetic animals measured from 12 wk until 27 wk of age. C: blood glucose levels of control and diabetic rats at 16 and 27 wk of age. Blood glucose levels were significantly increased in diabetic rats at both ages. Glucose levels are means Ϯ SE of 14 animals at 16 wk of age and 11 animals at 27 wk of age. D: blood glucose levels of control and diabetic rats measured from 12 wk through 27 wk of age. E: bladder wet weights of control and diabetic rats at 16 and 27 wk of age. Bladder weights were significantly increased in diabetic rats at both ages. Bladder weights are means Ϯ SE of 10 animals at 16 wk of age and 17 animals at 27 wk of age. Statistical comparisons were made between control and diabetic rats using Student's t-test. *P Ͻ 0.05 compared with control rats at same age.
paraffin-embedded bladder wall and stained with Masson's trichrome. The cross sections were transverse/orthogonal to the longitudinal strip to ensure the accuracy of the bladder wall thickness measurements. Masson's trichrome-stained tissue sections were then photographed under a bright light field on a Zeiss M2 imaging microscope and analyzed for bladder smooth muscle and urothelial/mucosal content. The thickness of the tissue section that was stained as smooth muscle or urothelium/mucosa was measured and compared with the entire thickness of the tissue section. The width of the bladder sections, as a measurement of wall thickness, was also compared between control and diabetic tissue sections (26) . Images were analyzed for smooth muscle content and wall thickness using National Institutes of Health ImageJ software.
Purinergic receptor expression. Bladder smooth muscle tissue strips (with urothelium removed by microdissection) were frozen in a dry ice/acetone slurry containing 6% wt/vol trichloroacetic acid and 10 mM dithiothreitol. Tissues were thawed and then homogenized in a buffer containing 10% vol/vol glycerol and 1% wt/vol SDS. Twenty micrograms of sample extract was subjected to SDS-PAGE (10% gel) and then transferred to nitrocellulose membranes. The membranes were then blocked with Odyssey blocking buffer (Li-Cor) for 1 h and incubated with a 1:10,000 dilution of rabbit anti -P2X1 antibody (P7857, Sigma-Aldrich) and a 1:200,000 dilution of anti-calponin antibody overnight. Calponin was used as a loading control. Membranes were then washed three times in PBS containing 0.1% vol/vol Tween 20 and incubated in both anti-mouse and anti-rabbit Li-Cor secondary antibodies (1:10,000) for 45 min. Membranes were again washed three times in PBS containing 0.1% vol/vol Tween 20 with a final rinse in PBS not containing Tween 20. The membranes were scanned using an Odyssey imaging system (Li-Cor) and were quantified using the software accompanying the instrument. The ratio of the intensity of the P2X1 band to the intensity of the loading control calponin band was used as a semiquantitative measurement of P2X1 protein expression.
Statistical analysis. Statistical significance between two means was determined using Student's t-test with or without the Bonferroni correction. For determination of the EC 50 of concentration-response curves and fitting of the curves, Graphpad Prism software was used. Curves were either three-parameter fits using the Hill slope or fourparameter fits with variable slope. All n values refer to the number of bladder smooth muscle strips used for measurement; each strip was from a different animal.
RESULTS
Rat characteristics. All rats were weighed weekly throughout the experimental time period. Body weights were signifi- Values are means Ϯ SE of measurements of 3 separate bladders from either control or diabetic animals at 27 wk of age. Statistical comparisons were made between control and diabetic animals using Student's t-test. *P Ͻ 0.05 compared with control rats.
cantly increased in the diabetic rats compared with control rats at 16 and 27 wk of age (Fig. 1, A and B) . Blood glucose levels were also measured in all rats biweekly. Blood glucose levels were significantly elevated in the diabetic rats compared with the control rats at 16 and 27 wk of age (Fig. 1, C and D) .
Bladder hypertrophy. Wet weight of the urinary bladders, after draining of urine, was measured to determine whether bladder hypertrophy occurred in diabetic rats (Fig. 1E) . The wet weights of bladders from diabetic rats were significantly increased at 16 and 27 wk of age compared with those of control rats. The width of the cross sections of the bladder wall, which were equal to the thickness of the bladder wall, was used as one measure of general hypertrophy of the bladder (Fig. 2 , Table 1 ). The thickness of the entire bladder wall from diabetic rats was significantly larger than that from control animals. To determine whether the bladder smooth muscle layer was hypertrophied, we measured the area of smooth muscle relative to the area of the entire cross section of the bladder wall (Fig.  2 , Table 1 ). Masson's trichrome-stained sections showed no difference in the area of smooth muscle within the cross section as a percentage of the area of the entire cross section of the bladder wall in bladders from control and diabetic animals. Similarly, the thicknesses of the smooth muscle and urothelial/ mucosal layers of bladders from diabetic animals when expressed as a percentage of the entire bladder wall thickness were no different from the smooth muscle and urothelial/ mucosal layers in bladders from control animals ( Table 1) . However, the absolute thicknesses of the urothelial/mucosal layer and the smooth muscle layer from diabetic rats were both significantly increased compared with the thicknesses of the respective layers of the bladder wall from control animals. This suggests a general hypertrophy of all the layers of the bladder wall as well as an increase in bladder wet weight.
Voiding behavior. Bladder voiding was measured at 16 and 27 wk of age ( Table 2 ). The number of voids during a 6-h period and the volume of urine per void were measured. At 16 wk of age, the diabetic rats had significantly decreased void volume over the 6-h period but a significantly increased number of voids compared with control rats. At 27 wk of age, the diabetic animals had significantly increased void volume and number of voids compared with control rats. The increase in the number of voids, but not void volume, at 16 wk in diabetic rats suggests the bladders have not yet entered the compensated state. The increase in void volume in the diabetic rats at 27 wk of age suggests the bladders have entered the compensated state.
Contractility of bladder smooth muscle from 16-wk-old rats. Concentration-response curves were performed in response to KCl, carbachol, bethanechol, and ATP in bladder smooth muscle strips from both control and diabetic rats at 16 wk of age. The concentrations were administered both cumulatively and noncumulatively. Concentration-response curves were used to calculate both maximal tension (Fig. 3A) and EC 50 values (Table 3 ) in response to each stimulus. At 16 wk of age, maximal tension in bladder smooth muscle was similar in response to both the cumulative and noncumulative addition of KCl-, bethanechol-, and ATP-induced stimulation between control and diabetic animals (Fig. 3A) . Maximal tension in response to the cumulative addition of carbachol was significantly decreased in bladders from diabetic compared with control rats. As shown in Table 3 , EC 50 values were similar between control and diabetic rats for both the cumulative and noncumulative addition of carbachol, bethanechol, and ATP. Statistical comparisons were made between control and diabetic animals using Student's t-test. Comparisons were only made within treatment groups (i.e., KCl C treatment group or ATP NC treatment group). *P Ͻ 0.05 compared with the control value in same treatment group. B: responses to the cumulative addition of ATP measured as the percentage of the maximal response to 110 mM KCl-physiological salt solution (PSS). Force in strips from diabetic animals was increased at almost all concentrations measured. Statistical comparisons were made between control and diabetic animals at each concentration using Student's t-test. *P Ͻ 0.05 compared with the control value.
However, the EC 50 in response to the cumulative addition of KCl was significantly decreased in bladders from diabetic rats compared with control rats. This demonstrates that bladder smooth muscle from diabetic rats is more sensitive to depolarization-induced, non-receptor-mediated contraction compared with control rats at 16 wk of age. While maximal tension in response to the cumulative addition of ATP was not increased at 16 wk of age, the contractility of the smooth muscle to ATP, quantified as a percentage of the response to 110 mM KClinduced contraction, was increased in diabetic animals throughout the concentrations tested (Fig. 3B) . This is most likely explained by the decrease in tension to KCl, although not significant, coupled with the lack of change in maximal tension in response to ATP (see Fig. 3A) .
Contractility of bladder smooth muscle from 27-wk-old rats. At 27 wk of age, concentration-response curves for KCl, bethanechol, and carbachol were performed by the cumulative addition of stimulus. Since contractility changes were only seen following the cumulative addition of KCl, bethanechol, and carbachol at 16 wk, only cumulative response curves were performed at 27 wk. Concentration-response curves for ATP were performed by both the cumulative and noncumulative addition of ATP. There were no significant differences in maximal tension generated by KCl, bethanechol, or carbachol (Fig. 4A) . However, there was a trend toward increased maximal tension in the bladders from diabetic rats in response to both carbachol and bethanechol, agonists that activate muscarinic receptors. This trend is opposite of the results at 16 wk, when the responses to carbachol and bethanechol tended to be decreased in diabetic animals (Figs. 4A vs. 3A) . Maximal tension in response to the cumulative addition of ATP was significantly increased in the bladders from diabetic rats compared with control rats (Fig. 4A) . EC 50 values generated from cumulative concentration-response curves to KCl, carbachol, and ATP were not significantly different between control and diabetic animals ( Table 4 ). The EC 50 value for the cumulative addition of bethanechol was decreased in the bladders from diabetic animals, suggesting the smooth muscle of the bladder wall from diabetic animals is more sensitive to muscarinic stimulation. The EC 50 value for the cumulative addition of ATP tended to be decreased in the bladders of diabetic animals ( Table 4 ). The EC 50 value was significantly decreased during the noncumulative addition of ATP in the bladders from diabetic rats (Table 4 ). This demonstrates that bladder smooth muscle from diabetic animals is more sensitive to purinergic stimulation at 27 wk of age. However, a true maximal effect in response to ATP could not be achieved due to ATP solubility (Fig. 4C) . It should also be noted that the response to ATP was significantly greater in the noncumulative vs. the cumulative addition, most likely due to receptor desensitization during the cumulative addition of ATP (Fig. 4, C vs. B) . The contractility of bladder smooth muscle from diabetic rats was increased in response to both the cumulative and noncumulative addition of ATP compared with bladders from control rats (Fig. 4, B and  C) . These results are similar to those at 16 wk (Fig. 3B) , suggesting that the enhanced contractility at 16 wk remained at 27 wk.
Contractility of bladder smooth muscle to EFS from 27-wkold rats. EFS was used as an initiator of contraction to test how the smooth muscle responded to the release of endogenous neurotransmitters from local nerve endings. A time control for EFS-induced stimulation was performed to ensure that any decrease in contraction was due to inhibition of receptors and not a decline of the contractility of the bladder smooth muscle to EFS with repeated stimulation (Fig. 5A) . There was no run-down of the EFS-induced contractions during the time frame of our experiments. Representative experimental force tracings are shown in Fig. 5 .
Maximal tension in response to EFS was similar between bladder muscle strips from control and diabetic rats at 27 wk of age [40.0 Ϯ 5.4 mN/mg (control); 33.7 Ϯ 5.1 mN/mg (diabetic)]. Frequency-response curves performed without pharmacological inhibition tended to be similar between bladder muscle strips from control and diabetic rats at 27 wk of age, although the response at 16 Hz was significantly decreased in muscle strips from diabetic rats (Fig. 6A) . Components of the EFS-induced contractions that were due to activation of receptors by acetylcholine or ATP were determined through the use of receptor antagonists. EFS was performed in the presence of 1 M atropine to determine the cholinergic component of EFS-induced contractions. The cholinergic portion of contraction was similar between bladder muscle strips from control and diabetic rats at higher frequencies (8, 16, 32 Hz) but significantly decreased at lower frequencies (2, 4 Hz) (Fig. 6B) .
The purinergic component of contraction was determined by two methods. P2X receptors were either desensitized by repeated exposure to ␣,␤-methylene ATP or inhibited by PPADS (51) . The ␣,␤-methylene ATP-sensitive purinergic component of EFS-induced contraction was reduced in bladder strips from diabetic rats compared with responses in bladder strips from control rats at all frequencies measured except 4 Hz (Fig. 6C) . Because the cholinergic component of EFS was unchanged and the purinergic component was decreased in bladders from diabetic animals, the residual (NANC) component of EFSinduced contraction was increased in bladder strips from diabetic rats compared with control rats across all frequencies measured except 4 Hz (Fig. 6D) .
In contrast to the results using ␣,␤-methylene ATP, the PPADS-sensitive purinergic component of EFS-induced contractions was similar between muscle strips from control and diabetic animals at all frequencies measured (Fig. 6E) . The residual (NANC) component of EFS-induced contraction was increased at 1, 2, and 8 Hz in bladder strips from diabetic rats compared with control rats (Fig. 6F) . Purinergic receptors were also blocked using the antagonist suramin. Preliminary results suggest that suramin, like PPADS, inhibited a portion of atropine-resistant contraction in bladder strips from both control and diabetic ZDF rats (data not shown). EFS-induced contractions were exposed to TTX to determine whether they were fully neurogenic. Figure 6G shows that there was a TTX-resistant component of EFS-induced contractions, suggesting that at the stimulation settings used the EFS-induced contractions are not fully neurogenic. This non-neurogenic portion of the contraction was subtracted from all other measurements before comparisons were made to ensure that only the components of the neurogenic portion of the contraction were being compared. Interestingly, the TTXresistant component of the contraction was increased at all frequencies measured in bladder strips from diabetic rats compared with the bladder strips from control rats at 27 wk of age (Fig. 6G) . The TTX-resistant component of an EFS-induced contraction is typically the result of direct muscle stimulation. This non-neurogenic contraction in bladder muscle strips from both control and diabetic animals was sensitive to removal of extracellular calcium or the addition of nifedipine, suggesting it was the result of direct muscle stimulation. TTX-resistant contractions of bladder muscle strips were inhibited by similar concentrations of nifedipine in control and diabetic rats (data not shown).
Purinergic receptor expression. Because the response to ATP was significantly altered in bladder tissues from diabetic animals, we measured the expression levels of the most common purinergic receptor, P2X1. Figure 7 shows a representative Western blot of P2X1 receptors in bladders from control and 27-wk-old diabetic animals. Figure 7 also shows the quantitative results of several such blots. There was no difference in total expression levels of P2X1 receptors between the two animal groups.
Baseline spontaneous activity. Treatment with ␣,␤-methylene ATP or PPADS produced an increase in baseline spontaneous activity in bladder muscle strips from 27-wk-old diabetic rats (Fig. 8B) but not in strips from control rats (Fig. 8A) . The ␣,␤-methylene ATP-induced spontaneous activity was reversed with washout of the drug. PPADS-induced effects were only partially reversible by washout. The increase in baseline spontaneous activity was TTX resistant but nifedipine sensitive (data not shown). Spontaneous contractile activity was measured as an integral (g * s) and compared before and after the addition of ␣,␤-methylene ATP. Quantified data from several such tracings are shown in Fig. 8C . Spontaneous activity was significantly increased after the addition of ␣,␤-methylene ATP in strips from diabetic animals but was not affected by ␣,␤-methylene ATP in strips from control animals.
DISCUSSION
The majority of studies of diabetic bladder dysfunction have used animal models of type I diabetes. Our goal was to perform a longitudinal study of diabetic bladder dysfunction in an animal model of type II diabetes, the male ZDF rat, as this is the most prevalent form of diabetes in the world population (49) . In this study we determined the diabetes- induced changes in the smooth muscle layer of the bladder wall from the type II diabetic ZDF rat. Specifically, we measured diabetes-dependent changes in 1) bladder morphology; 2) voiding behavior; 3) bladder smooth muscle contractility and sensitivity in response to the addition of exogenous agonists; and 4) bladder smooth muscle contractility in response to the release of endogenous neurotransmitters.
Both body weight and blood glucose concentration were increased in diabetic rats and similar to those in the original report on ZDF rats (38) . When examining morphological changes in the bladder, we noted both increased bladder wet weight and increased wall thickness, which suggested diabetic rat bladder hypertrophy. Our analysis of the layers of the bladder wall showed that the increase in thickness of the wall was not specific to the smooth muscle layer but a generalized bladder wall hypertrophy. Both smooth muscle and urothelial/ mucosal layers were hypertrophied in bladders from diabetic animals compared with bladders from control animals. However, the thicknesses of the smooth muscle and urothelial/ mucosal layers when expressed as a percentage of total wall thickness were similar in bladders from the diabetic and control animals. This supports our conclusion that the hypertrophy was generalized over the entire bladder wall. Similar results were found in the STZ-induced type I diabetes rat model (11, 27) . However, multiple studies suggest that this hypertrophy may be mostly due to diuresis as opposed to diabetes per se (17, 27) . Values are means Ϯ SE of 4 -8 determinations, each from a different animal. Statistical comparisons were made between control and diabetic animals within the same treatment group using Student's t-test. *P Ͻ 0.05 compared with control animals. Fig. 5 . A: representative tracing of a time control performed using a bladder strip from a 27-wk-old diabetic rat. The tracing shows that there is no reduction in the electrical field stimulation (EFS)-induced response throughout the duration of our experimental protocol. B and C: representative tracings of EFS experiments performed using bladder strips from 27-wk-old control (B) or diabetic (C) rats. Experiments were performed as follows: an EFS frequency-response curve without inhibitors present, followed by a frequency-response curve in the presence of atropine, and then a frequency-response curve in the presence of atropine and ␣,␤-methylene ATP or PPADS. Desensitization of P2X receptors by ␣,␤-methylene ATP reduced the atropine-resistant portion of contractions in bladders strips from control animals, but not in bladder strips from diabetic animals (B vs. C).
Obesity is a well-accepted risk factor for the development of type II diabetes (41) . The male ZDF rats used in this study weighed significantly more than age-matched control rats at 16 and 27 wk of age. However, the weights were somewhat variable over the 27-wk experimental time frame. In terms of potential effects on bladder structure, a PubMed search provided little literature to support or refute a relationship between obesity and bladder structure. A similar conclusion was reached by Christ et al. (12) . Demaser's group (21) did find an increase in edema and vascular pathology in the bladder wall and an increase in fibrosis in the urethral sphincter in obese female ZDF rats regardless of the diabetic state. However, these changes were worsened in obese plus diabetic animals. Also, Demaser's group (21) found decreased voiding frequency and decreased contraction pressure in obese nondiabetic ZDF rats. These results may suggest that obesity itself could also modulate bladder function in animal models of type II diabetes.
In addition to the effects of obesity, the results of Demaser's study compared with the current study may represent a distinct difference in the response of the bladder to type II diabetes in female rats compared with that in male diabetic rats. In women, obesity has been shown to be associated with urinary incontinence in the absence of diabetes (16) . However, Longhurst's group (18) suggested that there were only minor differences in bladder functionality from male or female rats with STZinduced diabetes. It will continue to be important to consider gender of animal models in future studies of diabetic bladder dysfunction.
Mice fed a high-fat diet resulted in overactive bladder and enhanced contractility to both agonist-and membrane depolarization-induced bladder contractions; obesity and diabetes, however, were not individually studied (27) . In contrast, Fan et al. (20) demonstrated that mice fed a high-fat diet exhibited reduced bladder smooth muscle contractile responses to agonist and membrane depolarization stimulation. Thus we suggest that, while obesity may affect bladder function, there is variable evidence suggesting that contraction and function may be increased or decreased. Furthermore, in our male ZDF rat model, as the induction of diabetes is spontaneous, it is not possible to completely separate the effects of diabetes and obesity. Since obesity and diabetes are common comorbidities in the human population, we feel it is best they are studied together.
Our voiding behavior measurements showed that diabetic rats had an increased average void volume and an increased number of voids over a 6-h measurement period at 27 wk. Similar findings have been made in other male type II diabetic animal models, the SDT rat (32) and the db/db mouse (47), although the type II diabetic Goto-Kakizaki (GK) rat did not show increased void volume or frequency even at 70 wk of age (40) . Bladder dysfunction tends to progress from a state of bladder compensation to decompensation, when decreased bladder contractility results in increased residual urine volumes (15) . Based on the voiding behavior and contractility results, we suggest that at 27 wk of age, the bladders from type II diabetic rats remain in the compensated state. It should be pointed out, however, that the metabolic cages contained wire bottoms; thus trapping of small volumes of urine is a potential problem that could result in an underestimation of voiding volume.
Our studies examining smooth muscle contractility and sensitivity to exogenous pharmacological stimulation were performed at 16 and 27 wk of age. The maximal tension in response to various agonists was not changed in bladders of diabetic animals at 16 wk, except in response to the cumulative addition of carbachol. There was increased contractility in response to ATP at multiple concentrations in diabetic animals, and an increased sensitivity to KCl as measured by a lower EC 50 value. These results combined with the increased frequency of voiding but decreased void volume in diabetic rats at 16 wk suggest the bladder may not have reached the compensated stage at this age in diabetic rats.
Our studies in 27-wk-old rats show an increased maximal tension in response to ATP and a similar trend in response to carbachol and bethanechol. There was increased contractility to both the cumulative and noncumulative addition of ATP. The sensitivity of bladder smooth muscle from diabetic rats to ATP and bethanechol was also increased, as measured by decreased EC 50 values. These results combined with the increased void volume and void frequency all suggest that the diabetic animals were in the compensated bladder stage at 27 wk of age. In the GK rat, Ueda's group (50) similarly found increased responses to carbachol and ATP but no change in response to KCl, and Satoh's group (40) also found increased carbachol responses in the same model. Interestingly, in models of type I diabetes two groups found increased KCl-induced contractility during the compensated state of bladder function (15, 26) . It appears that the bladder smooth muscle during the compensated state in type I models responds differently to activators of muscle contraction than in bladder smooth muscle from type II models. Leiria et al. (26) showed that bladder smooth muscle from a type 1 diabetic mouse model had increased contractile response to carbachol, ATP, KCl, and EFS. In contrast, our results show that only the ATP-induced contractile response was increased in the compensated state. Gonulalan et al. (22) showed that the sensitivity of the purinergic response during EFS stimulation of bladder smooth muscle from STZ-induced type 1 diabetic rats was similar to the nondiabetic controls, consistent with results published by Danesghari's group (14, 15) . On the other hand, using an alloxan-induced type I rabbit, Mumtaz et al. (34) demonstrated that the purinergic component of EFS was enhanced. Our results using the type II diabetes rat model show that the purinergic portion of EFS is nearly absent in animals in the compensated state. The results of these studies suggest that alterations in ATP responsiveness of bladder smooth muscle are not a generalized response to a pathophysiological state and more importantly may in fact be specific to type II diabetes and not a generalized response to diabetes.
While enhanced contractility to muscarinic agonists has been shown in many type II diabetic models (15, 26, 35, 40, 50) , others have shown decreased contractility (30, 43) . There may be many explanations for the differences seen in these studies (species, diabetes induction methodology, and animal age), but it is interesting to note that both studies showing decreased contractility to muscarinic agonists were performed in animals with a longer duration of diabetes. The spontaneously diabetic biobreeding rats were 1 yr of age and the alloxan-induced diabetic rabbits were 4 mo post-diabetes induction when they showed decreased contractility (30, 43) .
This suggests a link between the duration of diabetes and state of bladder dysfunction.
One of our most important observations was the change in ATP-induced bladder smooth muscle contraction from diabetic animals. Many studies have shown increased levels of NANCinduced contractions in models of bladder dysfunction. Normally, there is little NANC-induced contraction in the bladder, especially in the normal human bladder (3, 36, 37, 42) . We determined the effects of ATP through both exogenous application of ATP and pharmacological inhibition or desensitization of P2X receptors. Exogenous ATP-induced contraction was enhanced in bladders from diabetic animals. However, the purinergic component of an EFS-induced bladder contraction was either reduced or not changed in the bladders of diabetic animals. It is generally accepted that P2X receptors mediate contraction of smooth muscle while P2Y receptors mediate relaxation (2, 7) . In experiments where P2X receptors were desensitized through repeated applications of ␣,␤-methylene ATP, the purinergic component of an EFSinduced contraction was decreased in bladders of diabetic animals compared with control animals. However, when P2X receptors were blocked by the antagonist PPADS (or suramin) there was no difference in the purinergic component of an EFS-induced contraction between bladders from diabetic and control animals. While ␣,␤-methylene ATP desensitizes primarily P2X1 and P2X3 receptors, PPADS inhibition is known to affect a broader variety of P2X receptors (51) . P2X1 and P2X2 receptors are the purinergic receptors primarily expressed on smooth muscle cells (8, 39) . Therefore, we examined the presence of P2X1 receptors in bladder smooth muscle and found no difference in P2X1 expression levels between control and diabetic animals. There are many possible explanations for the disparate results between the exogenous application of ATP and EFS-induced contractile experiments. These include receptor internalization after desensitization by ␣,␤-methylene ATP or different levels of ATP in the neuromuscular junction after EFS-induced release.
Bhetwal et al. (5) showed significant differences in both intracellular signaling and magnitude of contraction in response to the exogenous addition of an agonist compared with EFS-induced contractions. They suggested that the exogenous addition of an agonist "floods" the tissue whereas EFS provides a more physiologically relevant response mediated via the enteric nervous system and interstitial cells of Cajal (ICC)-dependent fundus smooth muscle contraction. This is consistent with our differential responses to the exogenous addition of agonist and EFS, although we did not examine a potential role of ICC. Differential signaling in response to activation of muscarinic and purinergic receptors was shown by Tsai et al. (45) during EFS-induced contractions. They demonstrated that the initial phase of a murine bladder smooth muscle contraction was more dependent on purinergic receptor-mediated activation of the myosin light chain (MLC) kinase and MLC phosphorylation whereas the sustained contraction relies more on muscarinic receptor activation and phosphorylation of the Ca 2ϩ -sensitizing protein CPI-17. This is consistent with our results using bladders from control animals in which inhibition of both muscarinic and purinergic receptors almost abolished EFS-induced force, demonstrating a role for both receptor types in contraction. However, in bladders from diabetic animals, desensitization of purinergic receptors did not decrease EFS-induced force and in fact increased force.
While diabetes modified the purinergic component of EFSinduced contraction, it did not affect the total EFS-induced contraction or the cholinergic portion of the neurogenic contraction. However, there was a residual neurogenic component of the contraction resistant to both cholinergic and purinergic inhibition that was increased in bladders from diabetic animals. This neurogenic residual component could be due to activation of P2X receptors not affected by ␣,␤-methylene ATP or PPADS. Other studies have also shown residual components of EFS-induced contractions in diabetic animal models (4, 24, 27) . There was also an increased TTX-resistant component to EFS-induced contraction in diabetic animals. These increased responses were blocked by removal of extracellular calcium or inhibition of voltage-gated calcium channels by nifedipine, suggesting they were due to direct muscle stimulation. It is possible this TTX-resistant component was increased due to an increased instability of the smooth muscle membrane in the bladder of diabetic animals, resulting in enhanced calcium influx.
In selected experiments, while determining the effect of purinergic receptor inhibition on EFS-induced contractions, we noticed an increase in spontaneous activity after addition of Bottom: quantified data from 9 control and 6 diabetic animals There was no difference in total P2X1 receptor expression in bladders from the 2 animal groups.
either ␣,␤-methylene ATP or PPADS. This increase in spontaneous activity was only present in muscle from diabetic animals. When the activity was stimulated by ␣,␤-methylene ATP, it was removed by washout. The addition of PPADS also increased spontaneous activity, but the effect was only partially reversible by washout. The spontaneous activity was TTX resistant, but sensitive to nifedipine. Because P2X receptors are ligand-gated ion channels, these results may suggest the effect is due to dysregulation of cation channels, most likely calcium channels in the bladder smooth muscle of diabetic animals. There was no difference in expression levels of P2X1 receptors, consistent with the suggestion that receptor function and not numbers may account for the spontaneous activity. This result is consistent with the TTX-resistant, but nifedipine-sensitive component of the EFS contraction.
In summary, bladders from male type II diabetic animals reached the compensated stage of diabetic bladder dysfunction by 27 wk of age. This was shown by an increased void volume, increased voiding frequency, and increased contractility to both exogenous carbachol and ATP. Some of these changes were seen at 16 wk of age, but were enhanced at 27 wk of age. Similar to vascular smooth muscle from hypertensive animals (6), our results suggest the possibility that diabetes results in membrane instability and possibly enhanced calcium influx through nifedipine-sensitive calcium channels. Although exogenous ATP-induced contraction was enhanced in diabetic animals, endogenous ATP-induced contraction was significantly reduced. These results support the thesis put forth by Sun and Chai (44) that purinergic receptors are a critical part of the cellular mechanisms leading to bladder dysfunction. 8 . A: Representative tracings of a muscle strip from the bladder of a 27-wk-old control rat before and after the addition of ␣,␤-methylene ATP. Note the lack of change in baseline spontaneous activity after the addition of ␣,␤-methylene ATP. B: representative tracings of a muscle strip from the bladder of a 27-wk-old diabetic rat before and after the addition of ␣,␤-methylene ATP. Note the increase in baseline spontaneous activity after the addition of ␣,␤-methylene ATP. C: quantified data analyzed as area under the curve of the spontaneous activity. Spontaneous activity was significantly greater in response to the addition of ␣,␤-methylene ATP in bladders from diabetic animals compared with bladders from control animals; n ϭ 8. *P Ͻ 0.05 by Student's t-test.
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